The thermodynamic instability of bubbles in wet-foam colloidal suspension is due to the substantial area of their gas/liquid interface. Several physical processes lead to gas diffusion from smaller to larger bubbles, resulting in a coarsening and Ostwald ripening of wet foam. This includes a narrowing of the bubble size distribution. The distribution and microstructure of porous ceramics, the adsorption free energy and Laplace pressure of Al 2 O 3 particle-stabilized colloidal suspension, and SiO 2 content were investigated for tailoring the bubble size. Wet-foam stability of more than 80% is related to the degree of hydrophobicity with contact angles of 62-70° achieved from the surfactant. The contact angle replaces part of the highly energetic interface and lowers the free energy of the system. This leads to an apparent increase in the surface tension (26-33 mN/m) of the colloidal suspension.
Introduction
he use of micro and nano particles to stabilize aqueous foams has gathered considerable attention because of the wide spread application of aqueous foams in food, cosmetics, oil recovery, floatation 1, 2) and materials manufacturing. [3] [4] [5] The size-distribution and shape of the pore-space in porous ceramics relates directly to their ability to perform a desired function in a particular application. Thus, the need to establish uniformity in cell-size and cell-shape in order to achieve superior properties, has been strongly emphasized.
6)
Ceramic foams produced by direct foaming have shown unprecedented stability in the wet state, and elevated mechanical properties when sintered.
7) The different aspects of foam stabilization by solid particles have been partially covered in recent reviews. The ability of particles to form dense, coherent particle-shells around the bubbles stabilizes the liquid films separating the bubbles, and forms a threedimensional network in the bulk-aqueous-phase. The strong attachment of particles to the bubble-surface and a network or dense layer of particles at the liquid/bubble interface, are responsible for foam stability.
8)
Nano-porous Al 2 O 3 was fabricated on the inner surface of micro-porous Al 2 O 3 tubes, by means of an electrophoreticdeposition technique. This technique is also used for deposition of bimodal Al 2 O 3 particles intended to undergo subsequent low-temperature sintering.
9) An infiltration technique for doping porous ceramic bodies before sintering was also evaluated for the addition of calcia to yttria-stabilized zirconia.
10) Production of porous ceramics by direct foaming involves incorporation of air into a suspension, or into a liquid medium with additives. To obtain crack-free, highstrength porous ceramic, the foam structure can be made rigid by high-temperature sintering. The addition of shortchain amphiphilic molecules stabilizes the suspensions by making the suspended particles hydrophobic.
11)
The total porosity of sintered ceramics is proportional to the amount of bubbles incorporated into the suspension during the foaming process. Wet-foam stability can be defined by the reduction of the volume of the foams after they are dried at room temperature (20 -25°C), and can be represented by the following equation.
Wet foam stability =
Wet-foam bubbles in colloidal suspension are thermodynamically unstable systems due to the large area and high energy of their air/water interfaces. Irreversible destabilization mechanisms of colloidal suspensions include drainage, coalescence and Ostwald ripening. When particles are not completely wet in the liquid phase, colloidal particles attach to the gas/liquid interface. Here, the position of a particle at the interface is determined by a balance between the gas/ liquid, gas/solid, and solid/liquid interfaces, and particles so suspended are said to be partially hydrophobic.
12)
Here, we demonstrate the effect of SiO 2 solids in stabilizing foams, a process that depends on factors such as inter-
particle interaction, wettability, and differences in the Laplace pressure and adsorption free energy. The addition of SiO 2 to the alumina suspension increased the wet-foam stability of the suspension. Particles stabilize wet foams by causing steric hindrance to the coalescence of bubbles, and by modifying the colloidal properties of the interfaces.
Experimental Procedure

Materials
The raw materials used in this study were high-purity Al 2 O 3 (α-Al 2 O 3 , d 50 ~4 µm, KC, Korea), and SiO 2 (SiO 2 , d 50 3.5 µm, Junsei Chemicals, Japan), de-ionized water, hydrochloric acid (35% Yakuri Pure Chemicals, Osaka, Japan), sodium hydroxide powder (Yakuri Pure Chemicals, Kyoto, Japan) and propyl gallate (Fluka, China).
Preparation of the suspensions
The Al 2 O 3 suspensions were prepared by the stepwise addition of Al 2 O 3 powder to an aqueous mixture of 0.01 M NaOH, and 0.01 M propyl gallate as an amphiphile. The solid loadings and pH of the suspensions were initially fixed at 50 vol% and 6.7, respectively. Homogenization and deagglomeration were performed using polyethylene milling pots and Al 2 O 3 balls (10 mm diameter with 2 : 1 ratio of balls to powder). Ball milling proceeded for at least 24 h and the solid concentration of the suspension was reduced to 30 vol% in order to maintain the stability of the airflow by decreasing viscosity. The propyl gallate was adjusted to the required concentration (2 wt.% of Al 2 O 3 ) in the final suspension. The SiO 2 suspension was initially prepared at 50 vol% solid loading by the same ball-milling method, and was finally reduced to 30 vol% before addition to the initial Al 2 O 3 suspension. The products with different mole ratios of the Al 2 O 3 and SiO 2 suspensions were mixed in a stirrer for 10 -15 min. to measure the stability of the wet foams of the final suspension, under constant atmospheric conditions.
Contact angle and surface tension
The pendant-drop-method (KSV Instruments Ltd, Helsinki, Finland) was used to measure the surface tension of the suspensions, whereas the sessile-drop-method was used to measure the contact angle of the same. In the pendantdrop test, a drop of liquid is suspended from the end of a tube by surface tension. The force between the solid particles in the liquid phase, due to the surface tension, is proportional to the length of the boundary between the liquid and the tube, with the proportionality constant usually denoted by γ. Al 2 O 3 suspensions were prepared by addition of propyl gallate to produce solid-loadings of 30 vol% Al 2 O 3 . Depending on the suspension contact angle and the surface tension, the drop volume varied between 5 and 10 μl.
2.4. Foaming, laplace pressure and adsorption free energy The foaming of 150 ml suspensions was accomplished using a household mixer (150 watt, Super Mix, France) at full power for 5 to 10 min. The bubble size-distribution of the foam was evaluated using an optical microscope in transmission mode (Somtech Vision, South Korea) with a connected digital camera, and measured using linear intercepts. The average-bubble-size was determined by analysis of 100 bubbles. The outstanding stability of particle-stabilized interfaces is due to the high energy E required to remove an adsorbed particle of radius γ from an interface of surface tension γ αβ . This can be calculated using Eq. (1), where θ is the contact angle formed between the particle and the interface. 
According to Eq. (1), E is greatest when θ is 90º; however, foam stabilization of particles readily occurs when θ is between 50º and 90º. Moreover, the stability of the thin liquid film between the air bubbles plays an important role in stabilizing wet foams, which decrease in thickness and eventually rupture due to foam drainage or to collision between bubbles.
13,14)
Furthermore, due to the steady diffusion of gas molecules from smaller to larger bubbles over time, a broadening of the bubble size distribution occurs. The difference in the Laplace pressure between bubbles of distinct sizes (R) leads to bubble disproportionation and Ostwald ripening. [15] [16] [17] Due to the combined actions of these destabilization mechanisms, the liquid foam collapses. The pressure acting on gas bubbles in a colloidal suspension can be described by the Laplace pressure as:
where ∆P = Laplace pressure (N/m 2 ), is the pressure difference between the inner and outer surfaces of a bubble or droplet, the effect of which is caused by the surface tension γ (mN/m) at the interface between liquid and gas. R 1 and R 2 , radii of curvature for an ellipse, are taken into consideration. However, for spherical bubbles, R1 and R2 are equal so we used the second formula for calculation of the Laplace pressure.
18)
Drying and sintering
Wet samples were dried at 20 -25°C for 24 -48 h. The dried foams were sintered in an electric muffle furnace at 1300°C for 1 h. with the rate of heating and cooling 1°C/min and 3°C/min, respectively. Fig. 1 shows the schematic process of direct foaming, using SiO 2 particles as the stabilizing additive.
Results and Discussion
The creation of foam is enabled by tailoring the contact angles of particles via modification of chemical composition with a variety of functionalities. The contact angle depends
on surface chemistry, roughness, impurities, particle size and the composition of the fluid phases. The latter can be determined by changing the surface chemistry of the particles or by adjusting the composition of the suspensions. Ceramic particles can achieve any contact angle (0 < θ < 180º) by adsorbing hydrophobic molecules on their surfaces. The use of short amphiphiles to determine the wetting ability of particles is a versatile approach for the surface modification of a wide range of ceramic and metallic materials.
19)
Controlling the contact angles of particles at the interface is important because it determines their wetting ability, which is in turn determined by the extent to which they are hydrophobic as shown in Fig. 2 . The average contact angle of the d 50 (~4 µm) SiO 2 suspension decreased with increasing SiO 2 content, because the contact angle is measured at the solid/liquid interface. There, as the molar concentration of the silica particles increases, the related increase in viscosity of the suspension leads to a decrease in the contact angle of the suspension. Moreover, the surface tension of the suspension (the contractive tendency of the outer surface of the liquid) increases with the increasing molar ratio of SiO 2 . The increasing SiO 2 content gave lower adsorption free energy due to higher inter-particle attraction, thus increasing the viscosity. The suspensions with mole ratios of between 0.25 and 0.5 of SiO 2 content were found to be highly stable. They had higher levels of attachment energy resulting in highly stable foams able to form porous ceramics after sintering. It was also proved that contact angles of about 62 to 70° for the nanoparticle suspension leads to better wet-foam stability. If the latter is further decreased by use of a micro particle suspension, surface tensions of 26 -33 mN/m may result. If partial hydrophobization of the particles occurs at this point, the result is the potential for porous ceramics with higher-than-usual porosity.
Corresponding to the leading parameters involved in stabilization of the colloidal suspension, Fig. 3 shows the change in adsorption energy in relation to the SiO 2 content. Particles of different sizes were used to stabilize the suspensions. Al 2 O 3 loading of 30 vol% in the suspension was taken as the standard, and experiments were performed using 0.01 mol/L of amphiphile to stabilize the suspended particles. It can be seen that the energy level decreased with increasing SiO 2 content, whereas the free energy increased with increasing contact angle (Fig. 2) . The contact angle decreased with increasing mole ratio of SiO 2 ; hence, the free energy (calculated using Eq. (1) where the radius of the Al 2 O 3 particle is calculated, the contact angle and surface tension were measured by the sessile-drop method and the pendant-drop method, respectively) decreased with increasing mole ratio of SiO 2 . After the middle value (0.25) of SiO 2 loading, however, the particles started attracting each other, resulting in greater attraction due to Van der Waals forces, and causing the suspension to destabilize. The sus- pension became much too viscous as the mole ratio of SiO 2 increased. As a result, reduction of airflow within the suspension caused a decrease in the wet-foam stability from around 85% to 70%. Furthermore, Fig. 3 shows the change in the adsorption free energy corresponding to the content of SiO 2 used to stabilize the suspension. A suspension with solid loading of 30 vol% Al 2 O 3 was taken as the standard, and experiments were performed with different mole ratios of SiO 2 used for the stabilization of the suspended particles. The adsorption free energy reached a lower level (4.2 × 10 8 to 5.2 × 10 8 kTs)
with the increase in SiO 2 particles but decreased with increasing concentration. A higher contact angle with lower interfacial energy of 5.2 × 10 8 kTs was seen at the SiO 2 concentration of 0.25 mole ratio. The surface energy directly relating to the contact angle of the system led to a direct effect on the adsorption free energy. This was proved to increase with increasing particle size, but only within a certain threshold of solid loading. 20) This confirms that the particles attached to the gas/liquid interfaces of foams, lower the overall system free energy by replacing part of the gas/ liquid interface rather than by reducing tension at the interface. Figure 4 shows the average bubble size corresponding to the Laplace pressure exerted by the bubbles of the wetfoams formed with respect to the particle concentration. This may be calculated using Eq. (2) (where the surface tension is measured by the pendant-drop method, and the radii of the larger and smaller bubbles are measured by optical microscopy). The difference in pressure increased, until the maximum, as the bubble size decreased, and the stability also increased until the SiO 2 concentration of 0.25 (mole ratio), which corresponded to the particle concentration. The wet foams were stable at pressure differences between 0.38 and 0.39 mPa, which correspond to SiO 2 content of 0.25 -0.5 mole ratio (Fig. 5) . Further increase in the solid loading resulted in a higher difference of pressure, resulting in lower wet-foam stability, because they are inversely related. The stability increased to more than 80% at the mole ration of 0.25 SiO 2 content for the micro particles (3.5 µm). Figure 5 shows the air content of the final suspension after foaming, with respect to the mole ratio of the aluminasilica suspension, including the wet-foam stability. The percentage air content in the suspension increased with increasing SiO 2 content. Increasing the concentration of SiO 2 caused the air content of the foam to increase more than 50% at the mole ratio of 1:1. Increased viscosity hinders the incorporation of air into the initial suspension and therefore results in foams with higher air content. However, the bubble size of the prepared foam initially was found to increase with increasing SiO 2 content, but increased gradually, and was found to reach a maximum of about 185 μm at the mole ratio of 1 : 1 (Al 2 O 3 to SiO 2 ). Our interpretation of the figure above, was that the air content kept on increasing with the SiO 2 content, but that the wet-foam stability kept on decreasing. This is because the more air bubbles exist in the foam, the more their stability tends to decline due to the larger number of collapsing bubbles. In Fig. 6 , the microstructure of all four variants exhibited closed pores, as well as uniform distributions of larger and smaller pores. The ceramic in Fig. 6(a) has a better-developed, smooth surface along with a distinct and uneven distribution of pores whereas the surface of the bubbles in Fig. 6(c) were found rough in comparison. The magnified views in Fig. 6(b) and 6d show some granular structure on the thick struts in the dried foam. They also show a hierarchical pore-distribution from larger to smaller pores. Though the bubble size was found to be small when the mole ratio of silica was 1 : 0.25, the pore size was found to be larger in that case. This is due to Ostwald ripening, during which smaller bubbles combine to form larger bubbles.
Conclusions
The stability of ceramic foam is directly related to the surface energy of the colloidal suspension. This helps in the calculation of the free energy and Laplace pressure for a corresponding interface-contact angle. We conclude that a stabilizing point was obtained for the production of porous ceramics. This stabilization point can be tailored by adjusting the solid content of the suspension, which is directly related to the free energy (4.2 × 10 8 to 5.2 × 10 8 kTs) and the Laplace pressure in the range of 3.8 -3.9 mPa, and which corresponds to the wet-foam stability of sintered porous ceramics. Wet-foam stability of more than 80% was established, corresponding to the particle free energy of 4.2 × 10 8 to 5.2 × 10 8 kTs.
